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In birds, sensory innervation of skin is restricted to dermis, with few axons penetrating into the epidermis. This pattern of
innervation is maintained in vitro, where sensory neurites avoid explants of epidermis but grow readily on dermis. We have
used this coculture paradigm to investigate the mechanisms that impede innervation of avian epidermis. The lack of
epidermal innervation in birds has been attributed to diffusible chondroitin sulfate proteoglycans (CSPGs) secreted by the
epidermis, although direct experimental evidence is weak. We found that elimination of CSPG function with either
chondroitinase or neutralizing antibodies did not promote growth of DRG neurites onto epidermis in vitro, indicating that
CSPGs alone are not responsible for preventing epidermal innervation. Moreover, the failure of sensory neurites to invade
epidermis is not due exclusively to soluble chemorepulsive factors, since sensory neurites also avoid dead epidermis. This
inhibition can be overridden, however, by coating epidermis with the growth-promoting molecule laminin, but only if the
tissue is killed first. Epidermal innervation of laminin-coated epidermis is even more robust when CSPGs are also
eliminated. Thus, the absence of growth-promoting or permissive molecules, such as laminin, may contribute to the failure
of sensory neurites to invade avian epidermis. Together these results show that the inhibitory character of avian epidermis
is complex. Cell- or matrix-associated CSPGs clearly contribute to the inhibition, but are not solely
responsible. © 1999 Academic PressKey Words: skin; chondroitin sulfate; dorsal root ganglion.
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1INTRODUCTION
During embryonic development axons must traverse a
complex three-dimensional environment in order to find
their ultimate targets. Successful pathway selection and
identification of the appropriate targets by the growth cone
require the integration of numerous attractive, permissive,
and inhibitory cues (reviewed in Tessier-Lavigne and Good-
man, 1996). The history of an individual nerve cell may
influence the receptors it expresses and, therefore, the way
it responds to a particular guidance molecule (Condic and
Letourneau, 1997). Historically, axon pathfinding and target
selection have been attributed to attractive guidance mol-
ecules. More recently, however, the importance of repulsive
or inhibitory molecules has been demonstrated.
Innervation of avian skin by cutaneous sensory axons
provides a simple system in which to study axon guidance
mechanisms, especially the role of potential inhibitory
molecules. In birds, cutaneous sensory axons end in the
dermis, forming a stereotyped hexagonal pattern of inner-
vation around developing feathers (Saxod et al., 1995; Pays
O
S
502t al., 1997). Few sensory axons enter the epidermis (Saxod,
978; Saxod and Bouvet, 1982; Saxod et al., 1995), and all
utaneous sensory corpuscles are located in the dermis
Saxod, 1978; Fichard et al., 1991). This distribution of
utaneous axons is maintained in vitro, where chick sen-
ory neurons grow robustly on dermis but fail to grow on
pidermis (Verna, 1985; Honig and Zou, 1995; Woodbury
nd Scott, 1995).
The failure of cutaneous axons to innervate avian epider-
is has been attributed to inhibitory molecules, in particu-
ar chondroitin sulfate proteoglycans (CSPGs) secreted by
he epidermis (Verna et al., 1989; Fichard et al., 1991;
emming et al., 1994; Pays et al., 1997). Proteoglycans are
heterogeneous class of extracellular matrix (ECM) macro-
olecules composed of a core protein with covalently
ttached glycosaminoglycan side chains. CSPGs have been
mplicated as inhibitory axon guidance molecules in a
ariety of developing systems (Tosney and Landmesser,
985; Snow et al., 1990a,b; Tosney and Oakley, 1990;
akley and Tosney, 1991; Perris et al., 1991; but see
heppard et al., 1991; Bicknese et al., 1994). In the chick,
0012-1606/99 $30.00
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503Epidermal Avoidance by DRGsCSPGs are present at the right time and in the right place to
impede epidermal innervation in vivo, and cutaneous axons
appear to grow along the interface between CSPG-rich and
CSPG-poor regions (Hemming et al., 1994). In vitro, ex-
plants of epidermis secrete CSPGs into the medium (Fi-
chard et al., 1991), and sensory axons appear to avoid
epidermis at a distance in both standard cocultures (Verna,
1985; but see Woodbury and Scott, 1995) and collagen gels
(Honig and Zou, 1995), suggesting that diffusible CSPGs
may be responsible for the failure of sensory axons to
innervate avian epidermis.
However, avian epidermis contains other repulsive guid-
ance molecules, such as collapsin-1 (semaphorin III/D)
(Shepherd et al., 1996) and eph receptors (unpublished),
which could also contribute to its inhibitory character.
Thus, evidence that axons are prevented from innervating
epidermis due solely to diffusible CSPGs is far from con-
clusive. The goal of the present experiments was to identify
the molecular basis for the failure of sensory axons to
innervate avian epidermis. Our results suggest that al-
though soluble CSPGs may contribute to avoidance of
epidermis, they are clearly not solely responsible. Enzy-
matic removal or antibody blocking of CS moieties did not
lead to growth of sensory axons onto epidermis, indicating
that elimination of CSPGs was not sufficient to eliminate
the inhibitory character of epidermis. Moreover, axons also
failed to grow extensively onto dead epidermis, indicating
that at least a portion of the neuronal inhibition is derived
from molecules that are cell- or matrix-associated. Sensory
axons did, however, grow well on chondroitinase-treated,
dead epidermis in the presence of excess laminin, suggest-
ing that avian epidermis may normally lack permissive or
attractive molecules. Finally, we demonstrated that the
inhibitory nature of chick epidermis is not species-specific,
as mouse sensory neurons, which normally innervate
mouse epidermis, do not grow onto chick epidermis in
culture. Some of these results were previously presented in
abstract form (Cahoon et al., 1996).
MATERIALS AND METHODS
Cultures
Explant cultures were established from White Leghorn chicken
embryos from fertile eggs provided by a local supplier. The dorsal
skin and/or dorsal root ganglia (DRG) from embryonic day 7
embryos [E7, Stage 29–30 (Hamburger and Hamilton, 1951)] were
dissected in L15 medium (GIBCO, Grand Island, NY). Skin was
separated into dermis and epidermis by incubation in 0.5% trypsin
(T-2271; Sigma, St. Louis, MO) in calcium–magnesium-free
phosphate-buffered saline (PBS) on ice at 220°C for 8.5 min
(modified from Hemming et al., 1994). Trypsin activity was
uenched with F12 (GIBCO) plus 10% horse serum. Dermis and
pidermis were then separated with tungsten needles and plated on
lass-bottomed wells coated with poly-DL-ornithine (PORN; 500
g/ml 0.15 M borate buffer, pH 8.7; Sigma; P-8638) and lamininGIBCO; 20 mg/ml PBS). In a few initial experiments, coverslips
were coated with collagen (0.01%; Sigma; C-7661) instead of
Copyright © 1999 by Academic Press. All rightlaminin. Explants were grown in defined medium consisting of F14
(GIBCO) supplemented with N2 additives (GIBCO), 23 mM
NaHCO3, 50 units/ml penicillin, and 50 mg/ml streptomycin
(F14/N2), at 37°C and 5% CO2.
Lumbosacral DRG were dissected from E7 embryos, cut into five
to eight pieces, and distributed around the epidermis or dermis. In
some cases, epidermis or dermis was allowed to adhere for 4 h
before adding DRG. In most cases, however, the individual layer of
skin was grown alone for 20–24 h and then subjected to some
treatment (see below) prior to adding DRG. All cultures containing
neurons were supplemented with 10 ng/ml nerve growth factor
(Sigma; N-6009) and neurotrophin-3 (Regeneron Pharmaceuticals,
Inc., Tarrytown, NY) at the time of DRG addition. The protocol for
cultures of mouse tissue differed slightly (see below).
Chondroitinase ABC and AC/anti-CS antibodies. To elimi-
nate CS, epidermal explants were treated with either a glycolytic
enzyme or neutralizing anti-CS antibodies. F14/N2 was replaced
with F14/N2 containing chondroitinase (Case) ABC (0.5 units/ml;
Sigma; C-2905), Case AC (0.5 units/ml; Sigma; C-2780), a combi-
nation of both Case ABC and Case AC (0.5 units each/ml), or
anti-CS antibodies (1:100; CS-56, mouse IgM; Sigma; C-8035).
CS-56 is a neutralizing monoclonal antibody specific for the 4- and
6-sulfated chondroitin sulfate epitopes, but does not recognize
dermatan sulfate (Avnur and Geiger, 1984). DRG explants were
added when the medium was supplemented with enzymes or
antibodies. Cocultures were then incubated for an additional
36–48 h.
Death. Epidermal or dermal explants were killed in one of four
ways: (1) fixation in 95% ethanol/1% acetic acid for 35 min, (2)
desiccation in a laminar flow hood for 10 min, (3) exposure to
ultraviolet (UV) irradiation for 45 min, or (4) freezing at 280°C for
20 min. For the latter, F14/N2 was replaced with L15/10% DMSO
prior to freezing. After each treatment, medium was replaced with
fresh, equilibrated F14/N2 prior to adding DRG. Established cocul-
tures were incubated for an additional 36–48 h.
To determine the time course and effectiveness of these methods
for killing cells, two separate sets of cultures were incubated in 10
mM 5-chloromethylfluorescein diacetate in F14/N2 (CFMDA; Mo-
lecular Probes, Eugene, OR) for 10 min at various time points after
killing. CMFDA is taken up only by live cells. All methods of
killing except UV irradiation resulted in extensive death of the
explant within 90 min. All four treatments resulted in death of the
entire explant by 21 h.
Laminin. In an effort to override the inhibitory factor(s) in
chick epidermis, cultured epidermis was treated in some way and
then coated with laminin (GIBCO BRL, 100 mg/ml). In each of six
experiments, some dishes were first treated with Case ABC (0.5
units/ml) for 1 h, some were treated with Case ABC and then were
killed by fixation with 95% EtOH/1% acetic acid for 1 h at 4°C in
Case ABC, and others were simply killed by fixation prior to being
coated with laminin. As controls, some explants were only coated
with laminin and some were Case ABC treated and killed, but were
not coated with laminin. Explants were cultured in the continued
presence of Case ABC to prevent accumulation of newly synthe-
sized CSPGs. For consistency, Case ABC was present in both live
and dead cultures. Cocultures were incubated for 36–48 h prior to
fixation and analysis.
Mouse/Chick CoculturesTimed-pregnant C57Bl/6 mice were obtained from BNK Univer-
sal (Fremont, CA). At gestation day 12 the dam was killed with CO2
s of reproduction in any form reserved.
(
4
i
M
t
e
e
(
c
S
i
w
(
w
r
c
i
504 Cahoon and Scottand the pups were removed and placed in fresh sterile PBS. The
dorsal skin and DRG were removed from each embryo. The skin
was then separated into dermis and epidermis by incubating in
2.5% trypsin in sterile PBS for 45 min at 4°C (modified from
Hirobe, 1992). Trypsin was quenched by addition of excess F12 plus
10% HS, and dermis and epidermis were separated using tungsten
needles. Epidermis was then plated on dishes coated with PORN
and laminin and allowed to adhere at least 4 h before adding DRG
and neurotrophins (see above). Similarly, mouse DRG were added
to dishes of chick epidermis.
Immunohistochemistry
To label chondroitin sulfate, cultures were fixed for 30–35 min
with 95% EtOH/1% acetic acid, blocked for 1 h with 20% normal
goat serum (NGS), rinsed, and incubated in CS-56 (1:100 in PBS
plus 1% NGS and 0.05% sodium azide) overnight at 4°C. Cultures
were then incubated for 1 h in FITC-coupled goat anti-mouse IgM
(1:200; ICM Biomedicals, Costa Mesa, CA).
To view the distribution of laminin, cultures and E8 chick
embryos were fixed in 4% paraformaldehyde in 0.1 M phosphate
buffer. Embryos were cryoprotected and sectioned transversely on
a cryostat. Sections and culture dishes were incubated overnight at
4°C in anti-laminin (monoclonal antibody 31, 1:1; Developmental
Studies Hybridoma Bank, Iowa City, IA; or rabbit polyclonal, 1:500,
Sigma L-9393, in PBS with 5% NGS, 0.1% Triton X-100, and 0.05%
sodium azide), followed by a 1-h incubation in FITC-coupled
anti-mouse IgG (1:100; Sigma, F-6257) or anti-rabbit IgG (1:100;
ICM Biomedicals) at room temperature. For each experiment,
primary antibody was omitted as a negative control. All slides and
some cultures were coverslipped with glycerol mounting medium
with 0.1% p-phenylenediamine. Slides and cultures were examined
with a Bio-Rad confocal microscope or a Zeiss Axioskop fluores-
cence microscope.
Analysis of Neurite Growth
To facilitate visualization of neurites, in some experiments
explants were labeled with crystals of the lipophilic dye 1,19-
dioctadecyl-3,3,39,39-tetramethylindocarbocyanine perchlorate
DiI; Molecular Probes). Cocultures were fixed for 35–45 min with
% paraformaldehyde in PBS containing 0.48 mM CaCl2. The
fixative was removed from the dish and a DiI crystal was placed on
each DRG explant. Paraformaldehyde was replaced and dishes were
sealed with Parafilm and stored at 37°C for 5–8 days to allow for
diffusion of dye. Dishes were examined with the Zeiss microscope
and photographed. A neurite was considered to have invaded the
explant if it grew onto the epidermis for more than the diameter of
an epidermal cell (approximately 25 mm).
In three experiments, neurite growth onto epidermal explants
was analyzed more quantitatively. Neurites were labeled with DiI,
and an image of each explant and labeled neurites was captured
with an Attofluor intensified CCD camera and recorded on a
IG. 1. Time-lapse images of DRG neurites approaching chick
pidermis was treated with a function-blocking antibody to chond
olumn: Epidermis was treated with the glycolytic enzyme Case A
ollapse and retract upon contacting epidermis and do not grow onto epid
ndicate elapsed time in minutes. Calibration bar, 20 mm.
Copyright © 1999 by Academic Press. All rightPanasonic optical memory disk recorder (OMDR). The length of
the epidermal perimeter that was potentially available to outgrow-
ing neurites was measured from captured images with Image-1
software, with the assumption that neurites would have continued
growing toward the explant along their present trajectory. The
explant was then divided into quartiles and the number of neurites
or neurite bundles that terminated in each quartile was counted. As
with other experiments, a neurite was considered to have invaded
the explant only if it grew onto the epidermis for more than 25 mm.
Time-Lapse Videomicroscopy
Time-lapse recordings of interactions of individual growth cones
with epidermis were made 18–30 h after cocultures were estab-
lished, following the protocol of Woodbury and Scott (1995).
Briefly, medium was replaced with fresh, equilibrated medium and
the wells were then sealed with a coverglass. The sealed dish was
placed on the stage of an Olympus IMT2 inverted microscope and
viewed with a 403 phase objective. The temperature-controlled
chamber was maintained at 37°C throughout the recording session,
while images were captured every 15–30 s with a Pulnix CCD
camera and recorded on an OMDR.
RESULTS
Elimination of Functional Chondroitin Sulfate
Does Not Promote Neurite Growth on Epidermis
The goal of our experiments was to elucidate the molecu-
lar basis of the inhibitory character of embryonic avian
epidermis. In initial control experiments, we used time-
lapse videomicroscopy to examine the behavior of chick
sensory growth cones as they approached epidermis. As
described under Materials and Methods, a neurite was
considered to have grown onto an explant if it invaded the
explant by at least 25 mm. None of the 29 neurites exam-
ned in control cultures grew onto explants of epidermis.
ost growth cones (n 5 23) approached, touched the edge of
he epidermis, retracted, and then regrew, sometimes sev-
ral times before altering their trajectory to avoid the
xplant, as illustrated in Fig. 1 (left column). A few neurites
n 5 2) grew approximately 5–10 mm onto the edge of the
explant and then retracted, but did not regrow during the
time observed. The remaining neurites (n 5 4) stayed in
ontact with the edge of the explant but failed to grow on it.
ince we never observed growth cones invading epidermis
n these initial time-lapse studies of control cultures, nor
as invasion seen with time lapse of experimental cultures
below), in the remaining experiments sensory outgrowth
as not studied with time-lapse microscopy; rather neu-
ites were allowed to interact with the epidermis and were
ermis in vitro. Left column: Control cultures. Middle column:
n sulfate (CS-56) prior to and during coculture with DRG. Right
prior to and during coculture with DRG. Note that growth conesF epid
E roiti
c BCermis in control or treated cultures. Numbers in lower left corners
s of reproduction in any form reserved.
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506 Cahoon and Scottthen analyzed at a single time point, 36–48 h after addition
of DRG (Fig. 2C). In these static images, which included
hundreds of neurites, measurable growth onto epidermis
was not observed.
To test whether CSPGs were essential for the avoidance
of epidermis by sensory neurites, we blocked CS moieties
with the neutralizing antibody CS-56 (Avnur and Geiger,
1984) prior to adding DRG explants. Additionally, in other
cultures we digested CS moieties with Case ABC (0.5
units/ml), Case AC (0.5 units/ml), or a combination of Case
ABC and Case AC (0.5 units each/ml). This concentration
of enzyme eliminates almost all CS, as detected immuno-
histochemically (Figs. 2A and 2B; see also Hemming et al.,
994). Eliminating functional CSPGs with either of these
reatments did not promote neurite growth onto epidermis.
s in control cultures, we never observed growth cones
nvading epidermis in time-lapse studies. Most neurites
etracted upon contact with epidermis when CSPGs were
unctionally blocked with CS-56 (7/10) neurites, as well as
hen they were removed enzymatically (5/5) (Fig. 1, middle
nd right columns, respectively). The other three neurites
n CS-56-treated cultures remained at the edge of the
xplant but did not grow onto the epidermis. Similarly,
tatic images of CS-56- or Case-treated cultures examined
fter 36–48 h in vitro (Figs. 2D and 2E) were virtually
dentical to control cultures. Neurites had not grown mea-
urably onto treated explants in four separate anti-CS and
ix Case experiments, each consisting of at least four dishes
FIG. 2. (A and B) Confocal images of epidermis stained for chon
liminates chondroitin sulfate immunoreactivity. Calibration bar,
coculture. (D) Epidermis was treated with CS-56 antibody prior to
ABC prior to and during coculture with DRG. Note that growth con
bar, 100 mm.ith two or three epidermal explants per dish. Together
hese results suggest that factors other than, or in addition
Copyright © 1999 by Academic Press. All righto, CSPGs must be involved in the failure of sensory
eurites to invade avian epidermis.
Soluble Factors Are Not Essential for Epidermal
Avoidance
The avoidance of epidermis by sensory neurites has been
attributed to a soluble factor(s) (Verna, 1985; Fichard et al.,
1991). To determine whether a soluble factor was essential
for epidermal avoidance, epidermis was killed (see Materi-
als and Methods) prior to adding DRG explants (Fig. 3, left
column). In this paradigm, secreted factors that have bound
to the cell surface or ECM remain available to mediate
inhibition, but secreted factors that function by diffusing to
growth cones are eliminated. To ensure that the treated
tissue was dead, cultures were evaluated using CMFDA (a
stain taken up only by live cells). Freezing, fixing, and air
drying resulted in total explant death within 4 h. Exposure
of the explants to UV irradiation took longer to kill the
cells. Seventy-five to eighty percent of the cells in UV-
treated explants were dead within 8 h, but cells in the
center of the explants, where the tissue is thicker, took
longer to die. However, all explants were completely dead
within 21 h of UV treatment (Fig. 3, middle column).
After epidermis had been treated, DRG explants were
added at a distance sufficient to ensure that neurite–
epidermis interaction would not occur for 18–24 h, by
which time all epidermal cells were dead. Regardless of the
tin sulfate in vitro. (A) Control explant. (B) Case ABC treatment
mm. (C, D, and E) Cocultures of epidermis and DRG. (C) Control
during coculture with DRG. (E) Epidermis was treated with Case
not grow onto epidermis under any of the conditions. Calibrationdroi
100
andmethod of killing, epidermis was still largely avoided by
DRG neurites (Fig. 3, left column). However, in some
s of reproduction in any form reserved.
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507Epidermal Avoidance by DRGscultures a few neurites grew onto the periphery of epider-
FIG. 3. Cocultures of DRG and explants of epidermis (E; left) or de
ut grow readily onto dead dermis. Left column: Epidermis was ki
ead explants of epidermis. The explants illustrated here represent
f the method of killing. Arrowheads indicate the tips of the neurite
as dead by 21 h after treatment. Right column: Dermis killed in
xplant. Cells in these explants spread to form a monolayer of derm
id not flatten and spread; these clustered dermal cells appear as a
f epidermal and dermal explants in the left and right columns, remal explants and remained in contact. Interestingly, the
extent of neurite growth onto epidermis appeared to depend
l
t
Copyright © 1999 by Academic Press. All rightn the method of killing. DRG explants extended the
(D; right) show that DRG neurites do not grow onto dead epidermis
s indicated prior to addition of DRG. Few neurites grew onto the
aximum growth observed on any of the dead explants, regardless
ddle column: Staining of epidermis with CMFDA confirmed tissue
ame ways as epidermis allowed extensive neurite growth onto the
ells (see Fig. 6A). However, cells at the very center of the explants
t spot in the images shown here. Dashed lines indicate the edges
ively. Calibration bar, 250 mm.rmis
lled a
the m
s. Mi
the s
al congest neurites onto epidermis when killed by UV irradia-
ion, followed by air drying, freezing, and last, fixation.
s of reproduction in any form reserved.
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508 Cahoon and ScottGrowth onto dead epidermis in these cultures was never
very extensive (compare with Figs. 4D–4F). Indeed, the
explants illustrated in Fig. 3 (left column) represent the
most extensive growth on epidermis in any of the dozens of
explants in the six experiments in which epidermis was
killed.
To ensure that neurites did not avoid epidermis simply
because it was necrotic and dying, in two additional experi-
ments we also assayed growth of DRG neurites on dead
dermis (Fig. 3, right column). In control cultures, sensory
neurites readily grew onto explants of live dermis (see also
Verna, 1985; Honig and Zou, 1995; Woodbury and Scott,
1995). Similarly, DRG neurites grew extensively onto dead
dermis killed in the same four ways as epidermis. The
amount of neurite growth on dermis (whether dead or alive)
was approximately the same as that of control neurites
growing simply on laminin. Thus, the inhibitory nature of
chick epidermis does not require the continuous production
of a secreted chemorepulsive factor. Our results differ
significantly from a previously published study (Verna,
1985), which reported extensive sensory neurite growth on
FIG. 4. Co-culture of epidermis and DRG. (A) Sensory neurite growt
(B), and on epidermis treated with Case ABC and subsequently coated
was killed by fixation in ethanol and then coated with laminin. (E) Som
(F) However, neurite growth was most robust on epidermal explants
laminin. Arrows indicate neurites from DRG explant extending onto e
Asterisks indicate a neurite that grew completely across the epidermdead epidermis. Possible reasons for this difference are
discussed below (see Discussion).
Copyright © 1999 by Academic Press. All rightLack of Laminin May Contribute to the Failure of
Axons to Innervate Epidermis
The ability of a neurite to grow on a substrate is depen-
dent on the relative concentrations of attractive and inhibi-
tory molecules in that substrate. The effects of inhibitory
molecules such as CSPGs can be overridden by attractive or
permissive molecules (Snow et al., 1990a; Snow and Letour-
neau, 1992; David et al., 1995). To test whether the inhibi-
tory constituent(s) of avian epidermis could be overridden,
we coated the epidermis with laminin and analyzed the
extent of neurite growth onto the explants in three separate
experiments, as described under Materials and Methods and
summarized in Table 1. Simply coating live explants with
laminin did not enhance sensory neurite growth onto
epidermis (Figs. 4A and 4B), even if explants were also
treated with Case to eliminate CS (Fig. 4C). Growth onto
epidermis was enhanced, however, if epidermis was killed
by fixation in ethanol prior to laminin coating (Fig. 4D). For
example, neurites invaded epidermis in nearly 70% of dead,
laminin-coated explants (n 5 68), with an average of 3.16 6
inimal on control epidermis, on live epidermis coated with laminin
laminin (C). (D) Some neurites (arrowheads) grow on epidermis that
urites also grow on epidermis treated with Case ABC and then fixed.
ere first Case ABC treated, killed by fixation, and then coated with
mis from below. Arrowheads indicate neurites extending from above.
plant. Calibration bar, 100 mm.h is m
with
e ne
that w3.62 (x 6 SD) neurites invading each millimeter of the
explant perimeter. In comparison, axon growth onto epider-
s of reproduction in any form reserved.
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509Epidermal Avoidance by DRGsmis was observed on only 20% of live, laminin-coated
explants (n 5 10), with an average of 0.06 6 0.12 neurites/
mm. Similarly, killing epidermis after eliminating CS also
enhanced growth onto epidermis (Fig. 4E) compared to
explants that were only Case-treated or killed by fixation.
Although dead laminin-coated or CS-depleted epidermis
could support neurite growth, the growth was modest. In
approximately two-thirds of these dead explants all of the
neurites terminated in the first quartile. In contrast, neurite
growth was robust on dead epidermis that was both treated
with Case ABC to eliminate CS and coated with laminin
(n 5 72; Fig. 4F). On average 3.79 6 4.66 neurites/mm
rossed onto epidermis. Neurites were restricted to the first
uartile in only one-third of the explants, and in one-third
f the cases some neurites extended across the entire
xplant into the fourth quartile, significantly more than on
ead epidermis that was simply laminin coated or Case
reated (P , 0.01). Similar results were obtained in four
dditional experiments in which neurite growth was ob-
erved, but not assayed quantitatively.
These results suggested that epidermis might lack
rowth-promoting molecules, such as laminin, which could
ontribute to the failure of sensory axons to invade epider-
is. To test this possibility, we examined laminin distri-
TABLE 1
Neurite Growth on Epidermal Explants
Treatment (n)
Neurite incursions/
mm 6SD
% expl
no inc
o treatment (6) 0 1
N only (10) 0.06 6 0.12
ase/LN (15) 0.13 6 0.35
ix/LN (68) 3.16 6 3.62
ase/fix (38) 1.81 6 3.06
ase/fix/LN (72) 3.79 6 4.66
Note. n, number of explants; LN, laminin; Case, chondroitinase
FIG. 5. (A) Distribution of laminin in chick skin. Laminin is not e
which is coated with laminin, is brightly stained, outlining disper
with polyornithine, showing that the laminin observed in A is no
ection of E7 skin stained for laminin. Note the distinct staining in the
ut relative lack of staining in those layers. Calibration bar, 50 mm.
Copyright © 1999 by Academic Press. All rightution in dermis and epidermis in vitro, as well as in
ryostat sections of intact E8 embryos. Laminin was unde-
ectable in both dermis and epidermis grown for 24 h in
itro, using either a monoclonal antibody to chick laminin
r polyclonal antibody to mouse EHS laminin, although the
ubstrate, which was coated with laminin, was brightly
abeled (Figs. 5A and 5B). In the intact embryo, laminin was
bundant in the basal lamina surrounding the spinal cord
nd in the basement membrane that separated epidermis
rom dermis, but was barely detectable in dermis or epider-
is (Fig. 5C). Our results from E7–8 embryos agree with the
istribution of laminin reported for skin from older em-
ryos (Mauger et al., 1982). Thus, the absence of laminin
rom epidermis may contribute to the failure of sensory
xons to innervate epidermis both in vivo and in vitro.
owever, the pattern of laminin expression cannot account
or the restriction of axons to dermis in vivo, as laminin
xpression is minimal in dermis as well.
Mouse DRG Neurons Do Not Grow on Chick
Epidermis
To determine whether the inhibitory nature of chick
epidermis was species-specific, we cocultured chick epider-
with
ons
% explants with
all neurites in Q1
% explants with
some neurites in Q4
N/A 0
100 0
50.0 0
62.5 17.6
69.5 0
32.6 33.3
; Q1, first quartile; Q4, fourth quartile.
sed in vitro by (A) dermis or (B) epidermis. Note that the substrate,
ermal cells in A. No staining was observed on dishes coated only
duced by the dermal cells. Calibration bar, 100 mm. (C) Cryostatants
ursi
00
80.0
86.7
29.4
39.5
27.7xpres
sed d
t probasement membrane (*) between the dermis (d) and epidermis (e)
s of reproduction in any form reserved.
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510 Cahoon and Scottmis with mouse DRG and mouse epidermis with chick
DRG. Whereas chick DRG extended neurites onto mouse
epidermis (Fig. 6A), a tissue that is normally innervated in
ivo, mouse DRG neurites failed to grow onto chick epi-
ermis (Fig. 6B). Although chick neurites did not grow
cross the entire mouse explant, their extension onto it was
uch greater than in control cultures of chick DRG and
hick epidermis. Thus, the inhibitory character of chick
pidermis is not species-specific. Moreover, the failure of
oth mouse and chick neurites to grow onto chick epider-
is reflects a true nonpermissiveness of this tissue, rather
han a deficit in the growth potential or invasiveness of
hick sensory neurons.
DISCUSSION
We have found that axonal pathfinding, even in this
simple system, is more complex than initially proposed. It
is clear that the previously espoused notion that one class of
inhibitory molecules, CSPGs, prevents innervation of epi-
dermis in chick embryos is oversimplified. CSPGs are most
certainly one of the neuronal guidance molecules, but they
are clearly not acting alone. If they were, their elimination
would result in extensive growth onto epidermis—a result
we did not see.
Comparison with Earlier Studies
Previous studies suggest that the inhibitory character of
avian epidermis is due to secreted CSPGs. In vitro treat-
ent of chick epidermis with tunicamycin or b-D-xyloside,
hich inhibit synthesis of N-linked glycoproteins/sulfated
lycosaminoglycans and carbohydrate moieties, respec-
ively, allows sensory neurons to encroach, but not grow
FIG. 6. Cocultures of mouse and chick tissue demonstrating that t
ouse epidermis (ME) cocultured with E7 chick DRG (CD). Dashed
ocultured with E13.5 mouse DRG (MD). Note that chick sensory n
void chick epidermis (B). Calibration bar, 250 mm.xtensively, onto epidermis (Fichard et al., 1990, 1991).
imilar results were reported when CS moieties were di-
t
e
Copyright © 1999 by Academic Press. All rightested with Case ABC or blocked with neutralizing anti-
odies (Fichard et al., 1991). In contrast, we did not see
ignificant neurite growth onto the epidermis with similar
reatments. Indeed, we found that the distance between
eurites and explants of epidermis was quite variable and
any of our control cocultures appeared similar to CS-56 or
ase-treated cultures. Although we cannot be certain that
ll of the CS was blocked or degraded in our studies, we
sed the same concentrations of reagents as previous inves-
igators, and immunostaining indicated that most if not all
f the CS was eliminated by Case treatment (Figs. 2A and
B). Thus, if CSPGs are acting alone as the inhibitory
olecule(s), they would have to be exceptionally potent.
lthough CSPGs most likely play some role in preventing
ensory neurites from invading epidermis (see below), our
esults indicate that CSPGs alone are not sufficient to
ccount for avoidance of avian epidermis, at least in vitro.
Previous studies suggested that avian epidermis releases a
hemorepellant, a diffusible inhibitory molecule(s), capable
f affecting sensory neurite growth at a distance (Verna,
985; Fichard et al., 1991; Honig and Zou, 1995). In con-
rast, our results suggest that a cell- or matrix-associated
nhibitory factor is also involved. To determine whether the
nhibitory character of chick epidermis requires the con-
inuous production of inhibitory factors by living cells as
xpected for a soluble chemorepellant, we killed epidermis
n a variety of ways. Surprisingly, dead epidermis did not
upport neurite growth, as would be predicted for the
limination of a soluble inhibitory factor. In contrast, dead
ermis still supported neuronal extension, ruling out the
ossibility that neurites continue to avoid killed epidermis
ecause dead tissue releases a necrotic factor. Thus, the
nding that sensory neurites avoid dead epidermis suggests
hat some inhibitory component of epidermis is cell- or
atrix-associated. The finding that elimination of CS prior
hibitory nature of chick epidermis is not species-specific. (A) E13.5
s indicate the edge of the mouse tissue. (B) E7 chick epidermis (CE)
es grew onto mouse epidermis (A), whereas mouse sensory neuriteshe in
lineo fixation allows limited, but measurable, growth onto
pidermis (Fig. 4D, Table 1) supports this suggestion. Our
s of reproduction in any form reserved.
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511Epidermal Avoidance by DRGsresults are in direct conflict with earlier reports (Verna,
1985) that dead epidermal tissue supports neuronal exten-
sion. Closer examination of these data [Fig. 10 of Verna,
1985], however, reveals that the tissue in this earlier study
was not only dead, but was necrotic and no longer intact.
Thus, it is likely that a membrane-bound factor would not
have been detected in these experiments, due to the poor
condition of the tissue.
Epidermal Inhibition Is Not Species Specific
In mammals, epidermis is richly innervated (Iggo, 1977;
Munger and Jones, 1986; Kennedy and Wendelschafer-
Crabb, 1993; Hilliges et al., 1995). Nevertheless, we found
hat sensory neurons from mouse embryos avoid chick
pidermis. In contrast, chick neurons grow robustly on
ouse epidermis. Thus, the failure of sensory neurons to
nnervate avian epidermis reflects the presence of an inhibi-
ory factor(s) in epidermis that functions across species,
ather than a deficit in growth properties of avian sensory
eurons. Clearly CSPGs comprise part of that inhibitory
haracter. A comparison of the molecular signature of
ammalian and avian epidermis may provide insight into
ther factors that contribute to the nonpermissiveness of
vian epidermis.
Possible Interpretations
Sensory neurons do not grow onto living avian epidermis
when CS is eliminated, but show measurable, albeit some-
what limited, growth on dead epidermis that has been
coated with laminin or depleted of CS. Growth is signifi-
cantly increased by combining these treatments. There are
at least two explanations for these findings. First, avian
epidermis contains inhibitory molecules in addition to CS
(Shepherd et al., 1996; unpublished data); elimination of
their production and release by fixation may reduce the
overall concentration of inhibitory molecules to a level that
can be overridden by exogenous laminin (Snow et al.,
1990a; David et al., 1995). The enzymatic removal of CS
ould reduce the inhibitory character still further, allowing
ome growth in the absence of exogenous laminin and
xtensive growth when laminin is present. The identity of
hese additional purported inhibitory molecules is un-
nown. One candidate is collapsin-1, the chick homologue
f Sema D, which has been shown to inhibit sensory axon
rowth and which is expressed in the epidermis at the time
nnervation is being established (Shepherd et al., 1996).
However, our preliminary results with blocking antibodies
suggest that collapsin-1 does not play a major role in the
avoidance of avian epidermis by sensory neurites.
A second possible explanation of our results is that CS is
the predominant inhibitory molecule in avian epidermis,
but that the epidermis lacks attractive or permissive mol-
ecules capable of promoting innervation when inhibition is
eliminated. Exogenous laminin provides that missing sub-
strate. In support of this hypothesis, laminin could not be
Copyright © 1999 by Academic Press. All rightetected in the epidermis either in vivo or in vitro (see
bove). Moreover, although at the time innervation is
stablished avian skin is replete with cell surface and
xtracellular matrix molecules that can function as sub-
trates for axon growth, such as N-CAM (Chuong et al.,
991), fibronectin, and collagen (Mauger et al., 1982;
auger et al., 1983), these molecules are largely restricted
o the dermis. We suggest that the lack of growth-
romoting molecules in epidermis serves to reinforce the
nhibitory barrier provided by CS, thereby restricting in-
rowing sensory axons to dermis.
Together, our results indicate that the simple restriction
f cutaneous axons to dermis in birds in more complicated
han originally suggested. CSPGs are clearly involved, but
re not solely responsible. Some component of the inhibi-
ory character of epidermis appears to be cell- or matrix-
ssociated, and the failure of sensory axons to grow into
pidermis in the chick most likely reflects both the pres-
nce of inhibitory molecules such as CSPGs and the lack of
rowth-promoting molecules such as laminin. Further stud-
es will be required to determine the relative contribution
f these mechanisms.
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